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FOREWORD 
This Third Quarterly Report describes the work performed at Dynamic 
Science,  a Division of Marshall Industries, under NASA Contract NASW-1921 
during the period January 1 to March 31, 1970. The work was administered 
under the direction of Ames Research Laboratories, with Dr. Domenick 
Cagliostro furnishing technical guidance. 
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I.. 0 INTRODUCTION 
The flammability of polymeric materials is directly associated with the 
pyrolysis characterist ics (i. e.  nature and production of flammable volati les) of 
the given materials,  the environmental temperature , and oxygen availabil i ty.  The 
present program in its early s tages  is primarily concerned with (a) the  design of 
suitable apparatus where the  testing can be performed in a rigidly controlled 
environment, (b) determination of factors leading to  ignition onse t ,  (c) the 
nature of pre-ignition mixture, 
on temperature and oxygen availability. 
(d) the  dependence of the pre-ignition mixture 
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2.0 RESULTS AND DISCUSSION 
In the  early stages of th i s  programlt2,  the  emphasis was put into 
mathematical treatment-of the  ignition phenomena and into designing and 
optimizing of the stagnation burner. 
main effort was centered on developing a reliable sampling system, analyses  of 
pre-ignition and combustion samples and conducting tests aimed a t  correlation 
of ignition delay with g a s  temperature and polymer heating block temperature. 
During the present reporting period, the 
2 .1  Apparatus 
The apparatus used,during these  investigations is shown in Figures 1 and 2 ;  
it is a modification of the instrumentation used init ially a s  can be  seen  by the 
comparison with the diagrams presented in the f i rs t  quarterly report . The addition 
of insulation permitted a better control and stabil i ty of temperature; this  was 
further enhanced by the installation of s ta in less  steel beads a s  hea t  exchange 
medium for g a s  heating. 
1 
2.2 Air-Delrin Studies 
A l l  of the s tudies  performed to da te  employed Delrin, a polyformaldehyde 
ace ta te  terminated res in ,  in  a. form of 1 'I diameter pellet  weight , 1.867g f 0.019g. 
In the preliminary investigations,  performed in a i r  atmosphere , a n  attempt was 
made to correlate the  polymer surface temperature and the  gas  temperature with 
the occurrance of ignition. 
flames prior to 1 minute after insertion of the polymer pellet. These data are 
presented in Figure 3. From th is  plot one could deduce that  up to 7OO0C (air 
temperature) the minimum polymer surface temperature necessary for ignition is 
in the vicinity of 33OoC. This surface temperature corresponds to the  polymer 
heating block temperature of 59OoC. Inasmuch a s  the  observed polymer surface 
temperature is dependent to a considerable degree on the positioning of the  
thermocouple, which unfortunately has  to be done manually, t hese  data a re  
rather arbitrary. Consequently for better accuracy, the  resul ts  were replotted 
in Figure 4 a s  the gas  temperature against  the polymer heating block temperature. 
Ignition was recorded when the material burst into 
3 
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Figure 3 .  Ignition of Formaldehyde Resin under Air Atmosphere. 
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Figure 4. Effect of Polymer Heating Block and Air Temperatures upon Ignition. 
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Examining this  figure it would s e e m  that insofar as ignition is concerned the 
gas  temperature, under the conditions employed and within the temperature ranges 
covered,is of much lesser  importance than the polymer heating block temperature, 
the limiting temperature being in the  vicinity of 50OoC. This phenomenon became 
even more pronounced in the oxygen s tudies  discussed in the next section. 
2.3 Oxygen - Delrin S tudie s 
These were conducted using the s a m e  1" diameter pellets used in the 
air s tudies  with oxygen at 90 ps ia .  In view of the findings of the air runs,  in 
the  oxygen s tudies  the measurement of the polymer surface temperature was 
dispensed with and the only temperatures noted were that  of the gas and that of 
the polymer heating block. The ignition delay t i m e s  and burning times were a l so  
recorded. These resu.lts a r e  summarized in Table I. The independence of the 
ignition delay upon the gas temperature under the conditions employed here is 
clearly evident by examining t h i s  Table. It would s e e m  that the ignition delay 
is quite a reproducible characterist ic and that it is strongly dependent on the 
polymer heating block temperature. This becomes even more apparent by plotting 
the polymer heating block temperature against  ignition de lay ,  see Figure 5. 
Based on these  data  one is tempted to deduce, that  at oxygen temperatures below 
- ca 6OO0C the ignition delay is independent of gas temperature and the only 
important factor is the polymer heating block temperature. Furthermore, under 
these  conditions the limiting temperature of the block i. e. temperature where 
ignition does not occur is in the  vicinity of 38OoC. 
I t  was expected that ana lys i s  of pre-ignition g a s  mixture taken close 
to the polymer pellet should give a good insight into the processes  occurring. 
For obtaining the samples,  the  sampling system presented in Figure 6 was  
uti l ized. Originally it was  contemplated to employ gas chromotographic 
ana lyses .  For the determination of C 0 2 ,  H2,  02, N 2 ,  CH4,  CO, C H 2 0 ,  H 2 0 ,  
CH30H and HCOOH, two. systems equipped with gas inlet arrangement were 
constructed and partially calibrated.  For the determination of C 0 2  , H2,  02, 
CH and CO, a two column system was  assembled: Column A ,  "internal" , 
4' x 1/4" packed with silica gel at 115OC and Column B ,  "external" 6 '  x 1/4" 
packed with molecular s ieves  13X, a t  room temperature; whereas,  for the determination 
of C H 2 0 ,  H20 ,  CH30H and HCOBH a 4' x 1/4" Porapak T column at 118OC was 
employed. 
for calibration. 
N 2 '  4 
3 ,  4 Difficulties were encountered in preparing gaseous formaldehyde 
Subsequent ac tua l  sample analyses  showed the futility of all these  
8 
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Run 
No. 
R-365 
R-367 
R-368 
R-369 
R-37 0 
R-371 
R-372 
R-37 3 
R-374 
R-37 5 
R-377 
R-37 8 
R-379 
R-380 
R-381 
R-382 
R-384 
R-385 
R-386 
R-387 
TABLE I 
SUMMARY OF EXPERIMENTS CONDUCTED ON 
DELRIN RESIN IN OXYGEN ATMOSPHERE* 
Gas  Temp. 
O C  
54 3 
54 3 
54 2 
54 2 
54 6 
54 4 
544 
54 6 
54 3 
51 5 
506 
496 
562 
590 
59 5 
425 
424 
426 
426 
426 
Block Temp. 
C .  0 
51 3 
480 
476 
478 
483 
478 
473 
469 
446 
439 
435 
428 
388 
388 
386 
389 
4 02 
4 04 
412 
414 
Ignition 
Onse t  . 
min : sec 
0 : 14 
0 : 41 
0 : 45 
0 : 51 
0 : 23 
0 : 37 
0 : 40 
0 : 4 5  
0 : 37 
0 : 55 
0 : 50 
0 : 50 
1 : 3 5 .  
1 : 55 
2 : 25 
N o  ignitior 
2 : 50 
1 : 45 
2 : 1 5  
2 : 35 
Buming 
Time 
sec 
41 
34 
32 
34 
41 
25  
40 
35 
38 
37 
37 
37 
5 
5 
1 
- 
1 
45 
5 
4 
Remarks 
Sampling run, sample 
No. 3 taken 10  sec prior 
t o  ignition 
A t  40 sec, dense ,  white 
smoke; not true ignition 
At  35 sec ,. dense ,  white 
smoke; not true ignition 
At  45  sec, dense ,  white 
smoke: not true ignition 
At 65 sec, dense ,  white 
smoke 
A t  65 sec, dense ,  white 
smoke, not true ignition 
A t  70 sec, dense ,  white 
smoke; seems true 
ignition 
A t  65 sec, dense ,  white 
smoke; not true ignition 
At  65 sec, dense ,  white 
smoke; not true ignition 
*All the temperatures were recorded jus t  prior to polymer insertion. 
9 
SN 169-12 
TABLE I (Continued) 
Run 
N o  e 
R-389 
R-390 
R-392 
R-393 
R-395 
R-396 
R-397 
R-398 
R-399 
R-400 
R-401 
R-403 
R-404 
R-407 
R-408 
R-410 
R-411 
R-412 
R-413 
R-414 
R-415 
R-416 
Gas  Temp. 
OC 
440 
445 
442 
4 34 
440 
440 
44 1 
4 37 
345 
347 
3 50 
3 50 
3 54 
347 
34 8 
34 5 
357 
184 
192 
194 
196 
2 01 
Block Temp. 
OC 
422 
424 
420 
440 
444 
441 
440 
437 
427 
428 
429 
427 
429 
4 50 
450 
456 
45 9 
4 50 
4 52 
453 
453 
453 
Ignition 
Onse t  
min : sec 
1 : 10 
0 : 57 
1 : 30 
0 : 37 
0 : 36 
0 : 36 
0 : 4 5  
0 : 33 
1 : 40 
1 : l  
0 : 43 
0 : 35 
0 : 42 
0 : 33 
0 : 34 
0 : 34 
0 : 1 5  
0 : 35 
0 : 34 
0 : 22 
0 : 23 
0 : 23 
Burning 
T i m e  
sec 
40 
42 
5 
43 
40 
42 
39 
44 
25 
38 
42 
44 
42 
40 
45  
39 
50 
43 
43 
46 
50 
41 
- 
Remarks 
A t  55 sec, smoke visible 
seems true ignition 
A t  '50 sec, white smoke; 
seems true ignition 
At  55 sec, white smoke; 
not true ignition 
Sampling run; sample 
No. 3 ,  at ignition 
A t  5 5 sec , evolution 
of smoke , yet normal 
ignition 
Dense smoke at 
60 sec 
Sampling run; sample 
No.  1 at ignition 
Sampling run; sample 
N o ,  3 a t  ignition 
10 
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Figure 5. Ignition Delay Data Oxygen - Delrin Studies 
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arrangements inasmuch as only traces of gaseous 
runs ; furthermore , formic acid was produced a l so  
SN '169-12 
H2C0 were collected in the oxygen 
in t race quantit ies only. No 
CH30H appeared to be formed. Accordingly all the analyses  were performed by m a s s  
spectrometry and the resul-ts a r e  given in Table 11. 
Before proceeding with t h e  discussion of these  resu l t s ,  it might be 
worthwhile to  delve in more detai l  upon the sampling techniques involved and the  
advantages of the  selected system over the on-the-line mass spectrometer 
arrangement. The work of Bradley et a1 has  clearly shown that formaldehyde , 
in such a system , polymerizes in the probe and cannot be measured by m a s s  
spectrometry. This is to be expected based on the work of Spence and Wild 
who found that at  3OO0C oxygen promoted this  polymerization. Water and 
formic acid a l s o  exert similar catalytic act ion.  A l l  these  ingredients a r e  
present in the present reaction mixture. Accordingly in our studies we have 
weighed the ampoules to  determine the deposited formaldehyde (it was deposited 
as white f i lm) .  However, we have found out that  in the sampled runs (where 
sampling was done relatively c lose  to  the ignition and where no white smoke 
was observed, see Table I) t h e  amounts of deposit  were negligible of the 
order of 1 mg corresponding to 3% of formaldehyde in the sample. Based 
on these  findings and lack of the  formation of the white smoke (repolymerized 
formaldehyde) in these runs where early ignition was observed and in view of 
the  somewhat explosive nature of the ignition, one is tempted to  speculate that  
in these  ins tances ,  one dea l s  not with ignition of gaseous formaldehyde, but 
tha t  the polymer decomposed directly to  CO and H2 i. e.  
5 
4 
3 
6 
' 
(CH20)n-nC0 + nH2 
This postulation is supported by the observation that ignition in oxygen s e e m s  to be 
7 dependent mainly on the  temperature of the polymer heating block.. Published data 
show clearly that  th i s  type of decomposition occurs at temperatures above 3OO0C , 
whereas pyrolysis of Delrin below and a t  3OO0C was found to  result  in formaldehyde 
only.* This agrees  with our observations of the white smoke at temperatures below 380°. 
Unfortunately the  
sufficiently high; 
concentration the  
to  be fairly low. 
argon atmosphere 
polyf ormalde hyde 
pre-ignition concentration of hydrogen does not appear to  be 
on the  other hand at these  high temperatures and at this  oxygen 
limiting hydrogen 'concentration prior t o  ignition would be expected 
Repeating selected experiments (from these  l is ted in  Table I) in 
instead of oxygen should show whether the above speculation about the 
resin decomposition into hydrogen and carbon dioxide is correct. - 
13 
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Run 
No.  
TABLE I1 
Sample 
No. 
MASS SPECTRAL ANALYSES OF GASES COLLECTED DURING 
DELRIN OXYGEN TREATMENT 
C 0 2  
% 
1.32  
1.36 
2.15 
0.80 
0.85 
1.91 
1.49 
56.23 
79.74 
0.46 
1 .04  
2.54 
0.97 
N2 
% 
0.93 
1.18 
1.07 
1.00 
3.60 
0.61 
1.02 
2.34 
0.56 
0.88 
0.45 
0.73 
0.13 
HZ 
0.20 
0 .21  
0 .23  
0.17 
0 .15  
0.19 
0.14 
0.06 
0.20 
0.20 
0.17 
0.18 
-- 
Total 
% 
co Arb 
% % %  
0.24 T 
0.40 0.01 
0.36 0.01 
0.07 0.01 
0.07 0.03 
0.13 -- 
0.13 0.01 
0.32 0.11 
2.85 0.12 
0 .07  0.01 
0.42 0.01 
0.40 0.02 
1 .43  0.35 
100.53 
100.27 
99.73 
99.38 
100.18 
99.84 
99.83 
99.47 
101.45 
98.64 
101.04 
101.30 
100 
H 2 0  
% 
0.46 
0.08 
0.31 
-- 
0.07 
0 .01  
0.14 
0.16 
0.20 
0.12 
0.10 
0.09 
0.39 
O2 
% 
97.42 
97.03 
95.60 
97.33 
95.41 
96.99 
96i86  
40.25 
17.78 
96.90 
98.85 
97.34 
96.73 
C H 2 0  
% 
d T 
T 
T 
T 
T 
T 
T 
T 
T 
-- 
-- 
T 
-- 
378 
378 
378 
398 
398 
398 
411 
411 
411 
416 
416 
416 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
HCOOH 
% 
C 
n . d .  
n .d .  
-- 
T 
-- 
Total a 
Pres  sure  
mm 
61 5 
657 
604 
714 
662 
707 
693 
351 
263 
706 
694 
690 
-- 
a) This means t h e  total pressure  of gas in  the sampling ampoule.  
b) The argon percent  given is tha t  in excess of the  argon present  in oxygen itself 
and in the  oxygen combined in  carbon dioxide,  assuming the  reaction 
co + 1/202 - co2. 
c) n.d.  = not  determined 
d) T = t race  
e) n . a .  = d o e s  not  apply 
14 
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Examining more closely Table I1 in conjunction with the experimental 
detai ls  given in  Table I ,  it’is apparent that  the samples taken jus t  prior to ignition 
show already increased C 0 2  concentration, whereas samples taken during the 
actual  combustion show very high C 0 2  content. It should be  pointed out that  
oxygen itself as examined by m a s s  spectrometry (the breakdown pattern is 
given in Table 11) contains carbon dioxide and carbon monoxide. These oxides 
are not originally present in the oxygen but are derived from the reaction of 
oxygen with the filament, which tends to be  carbon coated. In the values 
given for the particular samples the C 0 2  and CO are  those actually present s ince  the 
contribution from oxygen is corrected for. 
In a s i m i l a r  fashion the argon present in oxygen is subtracted together 
with the oxygen and thus any argon left over is the amount truly present in the 
g a s  mixture. Assuming that carbon dioxide in the samples is derived from the 
equation 
co + 1/2 02-co2 
we have corrected a l s o  for the argon in the GO2. In the runs taken during 
combustion the amount of argon left over corresponds directly t o  that accounted 
for by C 0 2  indicating clearly that the s a m e  amount of oxygen was  lost. The only 
possible way this  could have happened is by formation of water which could not 
b e  collected due to condensation in the  sampling system. Thus, the argon 
here serves  as the internal standard or tracer. 
The high concentration of carbon dioxide (79.74%; Run 41 1 Sample 3)  
shows clearly that fuel (decomposing polyformaldehyde) and,oxygen are a t  
almost stoichiometric proportions. 
2.4 Future Experiments 
A s  noted above it is believed that better understanding of the occurring 
processes will b e  attained by conducting a selected number of the sampling 
experiments in argon. These will be then followed by sampling experiments in air .  
15 
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3 . 0  'SUMMARY AND CONCLUSIONS 
A number of runs were conducted using Delrin res in  d iscs  in stagnation 
burner under a i r  and oxygen atmospheres. Based on the resul ts  obtained to da te  
it would appear that  ignition is mainly dependent on the temperature of the 
polymer heating block not on the gas temperature. I t  would also appear from the 
limited number of tests that  in a i r  this  temperature was in  the vicinity of 5OO0C, 
whereas in oxygen it is c lose  to  380 C. The ignition delay at least, in the oxygen 
ser ies  can  be closely correlated with the polymer heating block temperature. 
' 
0 
Only traces of formaldehyde and formic acid were detected in the samples 
collected c lose  to ignition and during combustion in the oxygen runs. The data 
collected to  date  tend to  indicate that prior to  ignition, in the runs where early 
ignition was observed, the decomposition of the polyformaldehyde resin to  CO 
and H is the ignition determining step. T o  verify this  speculation investigation 
of the  reactions occurring in argon atmosphere is planned. In this  type of a 
system no oxidation can  take place,  thus the decomposition products will be  
ab le  to  build up to  sufficient concentration to allow meaningful ana lyses .  
2 
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